To address this problem, fertilizer recommendations have mainly focused on measuring soil properties and regulating nitrogen (N) nutrient supply based on the residual nitrate-N concentration in soil (Dai et al. 2015 , Wang et al. 2016 . These fertilizer recommendation methods are effective, but the costs to complex field sampling are high and field trails needs to be set annually owing to different soil types in China (Huang et al. 2006) . Besides, the nutrient recommendation algorithms could be used for quantifying crop nutrient requirements to optimize nutrient management. However, most previous studies only considered a single nutrient, thereby neglecting the interactions between more plant nutrients (Yang et al. 2017 ).
The QUEFTS model could help resolve these issues, concerning the interactions between nutrients, which is the most important and distinguishing character compared with other models. Thus, the model was used as an efficient tool for quantifying balanced nutrient requirements for a yield target to provide a support for fertilizer recommendations. Currently, the QUEFTS model has been successfully applied to different crops, including maize, rice and wheat in countries such as Africa, USA, India and China (Saı'Dou et al. 2003 , Liu et al. 2006 , Das et al. 2009 , Buresh et al. 2010 ).
Differently from the previous studies, this paper emphasizes that the necessity to calculate the balanced nutrition for maize by using QUEFTS model at a regional scale (Northeast China) has not yet been attempted. Li et al. (2011) reported that to figure out the nutrient balance, input or output in different parts of China is meaningful for fertilizer recommendations. Thus, the objectives of the study were to: (1) analyse the characteristics of grain yield and internal efficiency; (2) estimate the balanced N, phosphorus (P) and potassium (K) requirements for maize at different yield potential.
MATERIAL AND METHODS
Data sources. The database used for this study was obtained from 300 field experiments at 52 maize experimental sites located in the Liaoning Province (38°43'N-43°26'N, 118°53'E-125°46'E), Northeast China from 2006 to 2011 (Figure 1) .
The region has a continental monsoon climate with the average annual temperature of 7.0-8.3°C, and 136-180 frost-free days. The mean annual precipitation ranged between 433.5-1077.8 mm, primarily from June to September. The soil is classified as Haplic-Udic Luvisols, and the chemical properties are as follows: pH ranged from 5.56 to 7.91, alkaline hydrolyse N, available P and avail- Model introduction. Data were collected from all experimental sites. First, the analysis of the data was performed, including grain yield, plant accumulation of N, P and K, and internal efficiency. In our study, the approach to calculation of the balanced nutrient uptake at different yield potential majorly adhered to Witt et al. (1999) . Thus, a description of steps is as follows: 1. Sifting through the data and removing outliers.
A prerequisite for applying the QUEFTS model was that the database was not to be limited by biotic or abiotic stress other than N, P or K supply (Setiyono et al. 2010) . Thus, the data where the HI was less than 0.4 were supposed to have suffered from drought or diseases during grain filling and those should be excluded before using the QUEFTS. 2. For each nutrient, the borderlines to the relationship of grain yield and nutrient uptake were determined. The slope of two borderlines represents the maximum accumulation (a) and maximum dilution (d) of a particular nutrient, respectively. (Witt et al. 1999 , Xu et al. 2013 . The values of a and d were mostly calculated as the 2.5 th and 97.5 th percentiles of the calculated IE of a particular nutrient.
With the a and d coefficients determined and the yield potential set, a spreadsheet version of the QUEFTS model was used to calculate the balanced N, P and K requirements of maize at different yield potential levels. The QUEFTS model was run, each time making a slight increase as the initial yield target of 1000 kg/ha gradually approached to the yield potential. N is shown as an example (Figure 2 ).
RESULTS AND DISCUSSION
General overview of database. The grain yield ranged from 2543 to 14 196 kg/ha (Table 1 ) and the yield levels were mostly distributed in the range of 8000-9000 kg/ha (17.3%) and 9000-11 000 kg/ha (19.3%), with low frequency distribution in the extremely high or low yield ranges ( Figure 3 ). The average grain yield in this study was 8858 kg/ha (Table 1) , which was approximately 38.2% and 42.9% higher than those from 2006 to 2011 in the global scale (5468 kg/ha) and in China (5075 kg/ha), respectively (FAO 2011) . Grain yield observed in our study was attributable to the utilization of new able K were in the range of 65.54-120.68 mg/kg, 12.6-48.58 mg/kg, 86.58-142.83 g/kg, respectively. Soil organic carbon ranged from 4.8 to 11.3 g/kg, total N ranged from 0.56 to 1.33 g/kg.
Experimental design. At each experimental site, the plots size ranged from 30 to 60 m 2 and were arranged in a randomized block design with three replications per treatment. The treatments were: (1) no fertilizer (CK); (2) optimal recommended fertilization (OPT), according to the soil tests and local maize cultivation technology with the level of N: 180-240 kg N/ha, P: 39.6-66.0 kg P/ha, and K: 99.6-124.5 kg K/ ha; (3) no N fertilizer (N 0 ): only P (39.6-66.0 kg P/ ha) and K (99.6-124.5 kg K/ ha) fertilizers were used in the plots; (4) no P fertilizer (P 0 ): only N (180-240 kg N/ ha) and K (99.6-124.5 kg K/ ha) fertilizers were used in the plots; (5) no K fertilizer (K 0 ): only N (180-240 kg N/ ha) and P (39.6-66.0 kg P/ ha) fertilizers were used in the plots.
The N, P and K fertilizers were applied as urea (46% N), superphosphate (16% P), and potassium chloride (52% K), respectively. Pesticides and herbicides were applied to fields during the maize growing season following conventional practices to control pests and weeds.
Plant sampling and analysis. At maturity, plants were harvested manually by hand (cut 10 cm above the ground) in each plot; stubble left in the field was negligible. The fresh grain and straw samples were dried at 80°C and weighed. Subsamples were passed through a 1 mm sieve, and digested with H 2 SO 4 -H 2 O 2 , after which the N, P and K concentrations were measured by using the micro-Kjeldahl procedure, vanadate molybdate-yellow colorimeter and flame spectrophotometer, respectively (Bao 2000) .
Calculation. Harvest index (HI), nutrient harvest index (HI N/P/K ), internal efficiency (IE), and reciprocal internal efficiency (RIE) were calculated with the formulas: cultivars and good field-management practices, which indicated that both breeding and cultivation had been gradually matured as well.
The nutrient concentrations within each plant component also had a broad variation (Table 1) . On average, the total above-ground N, P and K accumulation were 176.1 kg/ha, 36.9 kg/ha, and 134.8 kg/ha, respectively, indicating an N:P:K ratio of 4.77:1:3.65 in the plant (Table 1) . The average N, P and K harvest indexes were 0.61, 0.81, and 0.23, respectively (Table 1) . In other words, about 61% of the N, 81% of the P, and 23% of the K in the 
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Plant Soil Environ. Vol. 63, 2017, No. 11: 498-504 doi: 10.17221/417/2017-PSE above-ground plant was distributed in grain, and the remaining was distributed in straw. Remarkably, the K stored in straw was relatively high, approximately 70.1% higher than that stored in grain.
Reciprocal internal efficiency was defined as the amount of a nutrient in the plant needed to produce 1000 kg grain. For all maize data, the average IEs were 54.3 kg, 251.5 kg, and 78.2 kg grain per kg N, P and K, respectively. In other words, to produce 1000 kg maize yield, the average N, P and K requirements were 19.8 kg N, 4.2 kg P and 15.4 kg K, respectively ( Table 2) .
Selection of data for adjustment of the QUEFTS model. There was a tremendous variation range in the database, which could be due to the wide ranges of production areas and environmental conditions. Not all data were suitable for the QUEFTS model.
Harvest index was an important indicator used for screening the database in QUEFTS model. Across the maize database, the average harvest index was 0.46, ranging from 0.2 to 0.69 (Table 1) . Most of the HIs in the study were between 0.4 and 0.6, and those < 0.4 were considered as anomalies in the dataset; they possibly suffered from impact of biotic or abiotic factors. In order to guarantee the accuracy of calculation, a lower HI boundary was used to exclude the data with HI < 0.4; about 13% extreme values of all data were excluded and 262 groups of maize data remained (yield ranged from 3150 to 14 196 kg / ha) (Figure 4) .
Parameters for the QUEFTS model. The prerequisite of using the QUEFTS model was to calculate the slopes of two borderlines of the maximum accumulation (a) and dilution (d) of N, P and K. Thus, three sets of constants a and d values were calculated by excluding the upper and lower 2.5 (set I), 5 (set II), and 7.5 (set III) percentiles of all IEs data of a particular nutrient (Table 3) .
Here, the yield potential of maize was fixed as 14 000 kg/ha as an example ( Figure 5 ). The curves of the balanced nutrient requirements simulated Vol. 63, 2017 , No. 11: 498-504 Plant Soil Environ. doi: 10.17221/417/2017 by the QUEFTS model were similar for the three sets ( Figure 5 ). Considering that Set I contained a broad range of variables, it is presumed that set I could be used as borderlines slope set in QUEFTS for maize. The constant a and d of N, P and K in Set I were 34.1 and 93.3 kg grain per kg N, 151.8 and 410.9 kg grain per kg P, and 40.2 and 184.4 kg grain per kg K, respectively. Estimating balanced nutrient uptake at different yield potential. Using the QUEFTS model simulated a linear-parabolic-plateau curve for balanced N, P and K requirements at different yield potential levels (10 000 to 14 000 kg/ha) ( Figure 6 ). For the linear part, the balanced nutrient requirements showed a linear increase until the yield target reached approximately 60-70% of the yield potential, and 16.7 kg N, 3.8 kg P and 11.4 kg K would be needed to produce 1000 kg grain yield. Correspondingly, the IE values for N, P and K were 60.0 kg/kg for N, 256.7 kg/kg for P, 88.0 kg/kg for K. The N:P:K ratios were 4.69:1:3.02.
When the yield target was gradually reached up to the yield potential, the curve of crop nutrient uptake showed a plateau level (Figure 6 ). Specifically, when crop yield levels reach more than 60-70% of the site yield potential, crop requires greater amounts of nutrients per unit increase in grain yield; therefore, greater attention in inputting appropriate nutrients at grain filling period is to be paid. This study is important for many provinces in China, not only as a reference but it also provides a promising method for estimating the nutrient requirements of other crops in different regions. 
